Abstract: Thermally-induced nucleation and growth of secondary crystalline phases in a parent glass matrix results in the formation of a glass ceramic. Localized, spatial control of the number density and size of the crystal phases formed can yield 'effective' properties defined approximately by the local volume fraction of each phase present. With spatial control of crystal phase formation, the resulting optical nanocomposite exhibits gradients in physical properties including gradient refractive index (GRIN) profiles. Micro-structural changes quantified via Raman spectroscopy and X-ray diffraction have been correlated to calculated and measured refractive index modification verifying formation of an effective refractive index, n eff , with the formation of nanocrystal phases created through thermal heat treatment in a multi-component chalcogenide glass. These findings have been used to define experimental laser irradiation conditions required to induce the conversion from glass to glass ceramic, verified using simulations to model the thermal profiles needed to substantiate the gradient in nanocrystal formation. Pre-nucleated glass underwent spatially varying nanocrystal growth using bandgap laser heating, where the laser beam's thermal profile yielded a gradient in both resulting crystal phase formation and refractive index. The changes in the nanocomposite's micro-Raman signature have been quantified and correlated to crystal phases formed, the material's index change and the resulting GRIN profile. A flat, threedimensional (3D) GRIN nanocomposite focusing element created through use of this approach, is demonstrated. Richardson, "Measurement of the refractive index dispersion of As 2 Se 3 bulk glass and thin films prior to and 167-180 (2002). 37. C. Saloma, V. Darla, and J. Muñoz, "Fourier transform refractometry using multichannel detection," Appl. Opt.
Introduction
Gradient refractive index (GRIN) optics have been increasingly sought after to enhance optical system performance while reducing the number, size, and/or weight of the optical components needed in a system, while maintaining optical performance (size, weight, and power -SWaP). GRIN optical elements are well established for use in visible systems [1-4], but few approaches have been proposed for components in the mid-or long-wave infrared (IR) [5] [6] [7] [8] [9] [10] . Current GRIN fabrication has been realized with ion-exchange [11-13], stacking and pressing layers of differing index in either glass or polymers [5-7,14-16], and using chemical vapor deposition [17, 18] . These techniques often have limitations on the geometry of index profile possible, due to the fabrication technique (i.e., diffusion) and materials used.
There are many instances where an arbitrary profile within a GRIN element would allow further reduction of SWaP by allowing correction of multiple types of aberrations without the need for additional optical elements [19] . Laser-written structures created with a highly focused beam within a bulk optical material would allow fabrication of such an arbitrary structure with fine precision on the order of microns. Typically, laser-written structures have an index change based on bonding modifications (expansion or contraction) [20] [21] [22] or extreme structural changes [1,2,23-26] where phase conversion (glass to crystalline) has been realized.
One structural change that can be created spatially and permanently in an optical glass is the controlled formation of nano-crystallites into a glassy matrix [27, 28] yielding a glass ceramic (GC). Traditional glass ceramics are created through a two-step homogeneous heat treatment (HT) where the first step is a nucleation HT that creates crystal nuclei, and the second is a growth HT that grows the nuclei into larger crystals [29] . The resulting composite material has material properties that are intermediate to those of the parent glass and the precipitated crystal phase(s), and are defined by the resulting volume fraction (size, shape and number density) of each phase present. For optical GCs, the impact of the secondary phase on the scatter and absorption are highly important. Since the two phases generally have different refractive indices, there is inherent scatter in the material if the secondary phase is on the order of the wavelength range of use, or larger. Also, induced absorption of the crystalline species in the spectral regime of interest could be problematic for certain applications if the phase is anisotropic and/or induces stress birefringence.
Once a GRIN element is created its resulting index profile must be validated with sub-μm spatial accuracy in order to ensure that the method used to create the GRIN was correct. Traditional, absolute refractive index measurement methods include prism coupling [30] [31] [32] [33] , spectroscopic ellipsometry [34, 35] , minimum deviation [36] , and Sagnac interferometry [37] . These techniques are often not suitable for measuring fine gradients in refractive index, since they typically measure over spatial areas in the mm to cm range. Relative refractive index measurements can be measured interferometrically [13] , but these measurements are averages throughout the entire volume of the sample, making it difficult to realize subtle, spatially varying changes. Commercial interferometry systems, such as the Phasics SID4bio, have been developed as metrology tools for step-index preforms and can evaluate resulting index profile through quadri-wave lateral shearing interferometry on a visible microscope with up to diffraction limited resolution depending on the microscope conditions used [38] . Optical coherence tomography (OCT) has also been used to measure GRIN structures in polymer stacks, however the technique requires GRIN structures that are discontinuous in order to get back reflections at the interfaces [39] [40] [41] . While used extensively in the visible region, many of these methods have not been extended for use/demonstrated in the IR.
Several indirect measurements have also been created in order to quantify GRIN structures. One such method uses micro-FTIR measurements in polymer systems to determine the ratios of different polymer materials present at a given spatial location [16] . This method is able to quantify the effective index of the material at a given surface location, and with cutting and polishing of a sample, the entire GRIN profile could be mapped out. This technique though is only useful for systems that include multiple materials with distinct FTIR spectra, and is time-consuming and sensitive to sample quality during fabrication. Additionally, image analysis [6], system performance [6,14], and wave-front sensing [23] can be used to verify that a GRIN element works the way it was designed to; however, this approach does not fundamentally allow one to know the actual index profile of the resulting component, rather it only quantifies its optical performance in a system.
We have developed an indirect measurement approach aimed at providing a method of correlating index to structural changes in the formation of an optical glass ceramic. Discussed herein, it employs micro-Raman spectroscopy which can give structural selectivity combined with the spatial control of a microscopic measurement. This technique has the potential to be well suited for glass-ceramic systems since it can probe the fine structural changes that develop upon the early stages of conversion of glass networks when traditional tools cannot easily detect nucleation, through the steps of crystal growth inside the glassy matrix. This approach is amenable to spatial mapping strategies in both radial (x-y) and axial (z, through material removal) directions allowing true three-dimensional (3D) metrology of structural changes.
A nanocomposite chalcogenide glass ceramic GRIN structure has been manufactured through laser-induced ceramization of the parent glass. Conversion of glass to glass ceramic was realized by inducing homogeneous nucleation (nucleation without the use of nucleation agents). Growth of nuclei was realized using furnace growth, or using an absorbing, bandgap laser source which induced heating of crystal nuclei, already present inside of a glass. The intensity profile of the Gaussian laser beam translated into a gradient heat profile which varied spatially, and therefore created a gradient of crystal growth rate. The resulting spatially varying nanostructure (parent glass + precipitated nanocrystalline phases) resulted in a GRIN profile, where the effective index of the composite has been controlled by the local volume fraction of each of these phases present. The parent glass composition, 15GeSe 2 -45As 2 Se 3 -40PbSe (154540 GAP-Se) has been evaluated in its base form, following a homogeneous (furnace) nucleation HT, and then following growth with (i.) a homogeneous furnace growth HT or (ii.) through use of a Gaussian laser heating HT. Through this comparison, samples were examined to determine if analysis of a localized micro-Raman signature would prove viable for indirectly measuring the phase and refractive index evolution of a two-step cerammed material in a spatially selective way. Samples with two-step (nucleation plus growth) homogeneous HT had their refractive index, XRD, and Raman spectrum measured in order to determine if the growth of crystallites created an index change that could then be correlated with a change in the Raman spectra. A second sample then was put through a homogeneous furnace nucleation HT, and was subsequently grown with a Gaussian laser beam thermal profile, in order to spatially vary the growth of nanocrystals. Thus the laser HT profile, the crystal growth profile and resulting GRIN profile could then be compared. Lastly, the measured Raman spectra of a 2D cross-section of the laser-grown sample was compared to the two-step furnace HT samples to probe the spatial index profile of the sample. With this approach the Raman spectra could be mapped to a temperature profile that was compared to the thermal modeling of the laser irradiation condition in order to validate the model. The resulting sample was evaluated for optical functionality as a secondary confirmation that the gradient HT profile resulted in an index change in the material.
Experimental

Base glass properties
The material used in this study was 15GeSe 2 -45As 2 Se 3 -40PbSe (154540 GAP-Se), a high lead-containing multicomponent glass discussed further in a recent publication [28] . This glass is near the boundary of the glass-forming region in the GeSe 2 -As 2 Se 3 -PbSe as discussed in [42, 43] as depicted in the ternary phase diagram shown in Fig. 1(a) . The high Pb content of this glass was deliberately chosen with the goal of increasing the amount of Pb-containing crystalline phases on crystallization to maximize the potential refractive index changes, Δn, in formation of a glass ceramic. The glass' physical properties and morphology are discussed in detail, along with other glasses in the (GeSe 2 -3As 2 Se 3 ) 1-x PbSe x series (x = 0-55 mol%), in [28] .
Bulk glass was prepared by traditional melt/quench protocols using 5N pure elemental starting materials in 350 or 400g batches using procedures discussed in [27] . As-melted compositional uniformity to target batched composition was confirmed by Energy Dispersive X-ray Spectroscopy (EDS) using a Zeiss ULTRA-55 FEG SEM to confirm no variation between batch sizes. Starting materials were weighed and batched into 30 mm inner diameter quartz ampoules which were sealed using a gas-oxygen torch. The glass was melted at 700°C, quenched at 470°C and annealed at 170°C to minimize residual stresses in the melt. The resulting 30 mm diameter rod was sliced into approximately 2 mm thick plano blanks which were ground and polished, with a final 0.05 μm slurry to yield blanks with an inspection polished surface shown in Fig. 1(b) . Typical root mean square (rms) surface roughness of the post-polished glass was 18 ± 6 nm. Surfaces were cleaned with acetone prior to irradiation to remove any dust or residue which could modify the glass' surface absorption behavior. Thermal conductivity and heat capacity were measured with a Thermtest TPS 2200 instrument to ascertain key thermal property attributes required for determining experimental conditions and as input for theoretical calculations. Where appropriate, the values of these properties measured at T = 190°C were used. Density was measured using the Archimedes principle at room temperature (RT) with an immersion fluid of deionized water with an AE Adams PGW Balance. Thermal expansion measurements were performed on a TA Instruments TMA 2940 thermo-mechanical analyzer on a 15 x 2 x 2 mm rod. Thermal expansion in conjunction with the density at 20°C were used to estimate the density of the material at higher temperatures, specifically 190°C were needed. This correction resulted in a density change of 1% .
X-ray diffraction (XRD) measurements were performed on a PANalytical Empyrean, Xray diffraction system with 1.8kW, λ CuKα = 0.15418 nm, and 40 mA, on bulk samples at RT to confirm lack of crystallinity in the as-melted glass. The refractive index was measured using a Metricon prism coupler that has been modified for use in the IR, and has be described elsewhere [30] [31] [32] [33] 44] . Measurements were made at 4.515 μm and 30°C. This technique measures over an approximately 2 mm diameter spot size. Raman measurements were performed at RT with a Bruker Senterra system with an excitation wavelength of 785 nm, 1 mW of power, a 20x objective, and 2.25 min exposure times. The spot size of the Raman laser at the sample's surface is approximately 2 µm with this objective. The exposure conditions were tested to make sure they were not inducing modifications by measuring multiple times in the same location on a test sample. Transmission was measured using a ThermoFisher Nicolet iS5 FTIR spectrometer and a CARY 500 UV-VIS spectrophotometer to cover the full wavelength range needed. Spectra were not corrected for Fresnel loss.
Furnace ceramization
Samples were fabricated using protocols discussed above and cut into numerous samples for furnace-based nucleation and growth HT. A schematic of the sectioning process used on samples for nucleation or nucleation and growth treatments are shown in Fig. 2 (left). Nucleation-like (I) and growth-like (U) curves were determined for this material in previous work [27] using the methods described in detail in [45] [46] [47] . These data were used to define nucleation and growth temperatures for homogeneous HT ceramization in a furnace, and to define the target temperatures required for laser-heating for laser-induced growth steps used.
I-U curves for the 154540 GAP-Se glass used here, and are shown in Fig. 2 (right). These curves do not provide absolute nucleation or growth rates, but rather show relative rates which are adequate for the objectives of this study. Heat treatments were performed in a ThermoScientific 48000 muffle furnace. The furnace was pre-heated to the desired temperature and equilibrated at the soak HT temperature for 30 min prior to introduction of samples. Samples were then placed inside of the furnace quickly to minimize the time the door was open in order to maximize the time the sample was at the desired temperature. The nucleation time used in this study was 2 hrs, and the growth time was 30 min for all samples. Two different nucleation temperatures were used on two separate slices, 190 and 200°C, and an additional slice underwent a growth HT without a nucleation treatment. Following nucleation, these slices were quartered and subjected to a specific growth HT of either 200, 210, 220, or 230°C. The XRD, refractive index, and Raman spectrum were measured for the post-furnace HT samples and compared to those of the starting base material.
X-ray diffraction (XRD) was used to identify the crystals that precipitated during the ceramization process. By looking at the intensities of the peaks with respect to XRD scans taken of the individual crystallites under the same XRD conditions, volume fractions of the different crystals were estimated. With these volume fractions and known refractive indices of the crystals [48] [49] [50] , the effective refractive index, n eff , for the post-HT'd samples were calculated by weighting the refractive index of each phase with its respective volume fraction present. This data was then compared to the measured refractive index values to show that the index change seen was from induced crystallites in the glassy matrix. Changes in the Raman spectrum upon HT were quantized and compared to the measured refractive index values in order to correlate the two measurement techniques.
Laser ceramization
Laser exposure with bandgap laser light was used to HT post-nucleated samples to allow for comparison of resulting structural properties with the furnace-only HT'd glass ceramics. In order to define laser conditions needed for suitable growth temperatures, theoretical calculations of laser-induced heating of 154540 GAP-Se glass were performed based on the measured base glass thermal properties at 190°C.
All laser irradiations were performed with a 532 nm, Spectra-Physics Millennia VS, CW laser in order to spatially vary the extent of crystal growth across an area defined by the laser beam's intensity profile. As the irradiation wavelength is well below the optical bandedge of the material, it can therefore be approximated as a surface heat source which induces a temperature profile throughout the volume of the (thin) sample. The sample for this experiment was pre-nucleated at 190°C for 2 hrs, as in the previous homogeneous furnace HT experiments. The laser-induced heating profile was used to promote crystal growth during a 30 min exposure step, again consistent with protocol used in the previous experiment.
Simulations
Simulations were used to determine appropriate 532 nm irradiation conditions where the temperature profile in the sample would have (i) a peak temperature of 230°C in the sample's top center to promote high crystal growth, and (ii) a temperature of 190°C on the back surface and edges, where according to I-U curve data, and corroborated with measurements from nucleated samples, little to no crystal growth would occur. Simulations of laser-induced heating were performed with COMSOL Multiphysics using Eq. (1), as a surface heat source for a 2D-axially symmetric regime where Q in is the heat source, P is the laser power, R is the reflection coefficient, r is the distance from the center of the irradiated area, and w o is the Gaussian beam waist. The input parameters for material properties used for the simulation were taken from the base glass measurements above. The reflection coefficient used was 0.26. 
In the simulations the beam waist and average power of the laser were varied. It was determined that the desired temperature profile conditions listed above could not be reached with the laser source alone serving as the heat source with the sample at room temperature. The desired 40°C temperature spread from the center of the sample's surface, to the edges of the sample with a peak temperature around 40°C was realized with the addition of an external temperature of 190°C. This external temperature was deemed acceptable, since it was the same as the nucleation temperature used on the sample and should not contribute to additional growth. While further (small levels) of nucleation might occur in the pre-nucleated sample over the growth period (30 mins), this was considered negligible. An added advantage to elevating the sample temperature before irradiation is that it decreased the probability of thermal shock and breakage of the sample, since a lower temperature gradient across the sample existed at the onset of the exposure. The external temperature, beam waist, and beam power conditions from the simulation were then used to define the experimental conditions used.
Experiment
The external temperature needed for the irradiation was applied by performing the irradiation through the outlet vent at the top of the same box muffle furnace used in section 2.1. The prenucleated (190°C for 2 hrs) sample was irradiated using a collimated beam waist of 10 mm and an average power of 0.89 W.
After irradiation, the 532 nm exposed sample was cross-sectioned through the middle, and Raman spectra were measured along the x-z plane of the glass sample to evaluate the change in the glass structure following the two-step process. Here the goal was to correlate the extent of conversion of glass to glass ceramic to structural modification, and therefore refractive index changes, imparted through the formation of nanocrystals. The multiple measurement points through the exposed sample are depicted in Fig. 3 . Data points were taken at a spacing of 1 mm in the x-direction and 0.25 mm in the z-direction using the same conditions and spatial resolution as in section 2.1. Fig. 3 . Raman spectra were measured at 0.25 mm increments in the z-direction, and 1 mm in the x-direction (depicted by red dots, and is not to scale) on a cross-sectioned disk to quantify the extent of the modifications across the 2D sample volume. The background coloration (not to scale) is representative of the expected temperature profile while the sample is irradiated, while held at 190°C. The green, Gaussian shaped "beam" incident on the top surface is representative of the beam size with respect to the sample diameter, with a Gaussian intensity profile depicted on the sample surface.
The resulting spatially varying Raman measurements were then converted to the structuredefined temperature scale obtained from Raman measurements of furnace-only heat treated samples. The resulting temperature profiles were compared to those predicted by the thermal models for agreement. Using the Raman-to-index correlation (see Fig. 6 (c) the experimentally measured Raman data were converted into refractive index, and using the refractive index data at different HT temperatures the simulated temperature profile was converted to index to see how slight changes in thermal history would affect the index profile.
Lastly, to validate the assumption that the gradient growth profile imparted by the laser heating method resulted in an effective index profile with optical function (focusing), a collimated 2 μm laser was propagated through the irradiated portion of the sample before it was sectioned, and the beam profile after the sample was measured. Measurements were made at multiple distances in order to determine if any focusing of the beam could be observed with a Spiricon Inc. Pyrocam III.
Results and discussion
Base glass properties
As discussed in [27,28] the base 40 mol% PbSe GAP-Se glass used in the present study exhibits liquid-liquid phase separation (LLPS). The result of this morphological compositional non-uniformity has been shown to affect physical and optical properties of the as-melted glass [27,28], as well as it's post-HT'd properties [27] upon furnace HT to form an optical nanocomposite. The as-melted glass exhibits two amorphous phases with compositions of phases quite dissimilar from the Ge:As:Pb:Se ratios of the as-batched compositions. These attributes are described in [27] . Specifically, the 154540 GAP-Se composition exhibits Pb-deficient droplets in a Pb-rich matrix, and it is believed that when crystallization occurs, it occurs in the higher Pb-containing matrix, as the glass' stability (ΔT = T x -T g ) is reduced with the high Pb content.
The thermal properties of the base glass used in the numerical simulations used to predict laser induced heating and corresponding thermally induced structure and property changes are summarized in Table 1 . Note that in additional to ambient temperature data, values were measured where possible, at the extremes of the elevated temperature range used for processing. Additional material properties including T g , hardness, and CTE as a function of PbSe content and melting protocol can be found in [27,28]. The XRD spectrum of the base glass shows two amorphous humps as seen in Fig. 4(a) which confirms that the sample is X-ray amorphous and void of any crystalline phase before HT.
The refractive index of the base glass measured at 30°C and a wavelength of 4.515μm is 3.0460, and the within-slice index uniformity was mapped across one of the 30 mm diameter samples. This map, shown in Fig. 4(b) illustrates good refractive index uniformity with a standard deviation of 0.0004. The sensitivity of the measurement technique [44, 51] is 0.0005 for absolute index measurements; thus, the standard deviation across the sample is within the error of the measurement.
Transmission for the base glass is seen in Fig. 4(c) . The absorption value listed in Table 2 is the estimated absorption coefficient and, in reality, is likely actually higher since the transmission value is at the edge of the sensitivity of the measurement system.
The Raman spectrum of the base glass consists of several broad bands associated with network constituents, as seen in the left portion of Fig. 4(d [51, 52] . The Raman spectra are similar to those observed in Pb-free Ge-As-Se glasses that are past stoichiometry with respect to As 40 Se 60 , with small amounts of Ge added into the glass network [51, 52] . Since Ge and Pb are both 4-fold coordinated, it is consistent that As-Se features would be minimally affected if Pb substitutes into a Ge site, and would explain why there is a lower frequency Ge-Se feature at 200 cm −1 than Ge-As-Se glasses with a similar AsSe ratio [51, 52] . 
Property modification from a two-step thermal (furnace only) heat treatment
Based on the I-U curves in Fig. 2 [27], nucleation and growth temperatures were chosen for the furnace only HT conditions. Due to a partial overlap in the I-U curves, nucleation temperatures were chosen to be below the peak nucleation temperature, at 190 and 200°C so that there would not be any crystal growth occurring while the sample was being nucleated. This allows for more controlled and uniform crystal growth in order to decrease induced scatter. Growth temperatures were chosen to be in the range of 200-230°C, in order to be able to evaluate where the onset of measurable crystallization occurs in the glass, as the growth curve shifts to lower HT temperatures after nucleation. XRD was measured on the samples to see the evolution of the growth of a crystal phase/phases with the different HT protocols performed. The spectra for the 190°C nucleation step plus the various growth temperatures (t = 30 min) are shown in Fig. 5(a) below, and is representative of the different spectra seen. The crystal phases seen for this type of glass were previously identified in [27] and found to be As 2 Se 3 , PbSe, and Se, with the first two being the dominant phases. The increase in the peaks at 2θ values of 22° (Se), 31-33° (PbSe, As 2 Se 3 , Se), 44° (PbSe), and 53° (As 2 Se 3 ) confirms that these crystal phases are precipitating out of the glassy matrix upon HT. Additionally, in all the samples the same crystal peaks were seen to emerge concurrently, suggesting there are no phase-specific thermal conditions for the appearance of any of the crystal phases being formed for the specified HT conditions.
The refractive index of the post-HT'd glass was then measured with a prism coupler on these samples, and is plotted as a function of HT temperature in Fig. 5(b) . As can be seen, there is an initial small increase in index with increase in HT temperature, a further increase in slope at middle temperatures, and a leveling off of index increase for high growth temperatures. This would be indicative of low crystallization rates at low temperatures and a maximum amount of conversion at high temperature. The plateau seen at high temperature also suggests a depletion in the constituents available to participate in the crystallization following 30 mins at the highest growth temperatures shown. Additionally, more index change is seen at lower growth temperatures for higher nucleation temperatures, supporting our belief that a higher number density of nuclei is formed, consistent with the nucleation rate data in the I-U curves. The measured refractive index was then plotted against the computed effective index obtained from estimates of volume fractions of phases seen in XRD spectra in Fig. 5(c) , showing excellent agreement. Note that this correlation holds for each of the nucleation conditions used. This correlation allows us to definitively correlate the XRD phase formation to the observed effective refractive index change and to also associate it directly to the crystallization process in the glass ceramic's formation process. The Raman spectra of the furnace HT samples were also measured and compared to those of the base glasses prior to HT. A representative plot showing the general trend with HT for one set of nucleation temperature samples (190°C) is seen in Fig. 6(a) . Since PbSe has dominant peaks observed at 143 and 243 cm −1 [53] and As 2 Se 3 has multiple peaks between 145 and 273 cm −1 [54] , no evidence of crystallinity can be seen in the Raman data. This may be due to the low Raman cross section of the precipitated phase, low volume fraction of nanocrystallites that are overshadowed by the remaining glassy matrix, or the crystals that formed were mixed or were not Raman active. We know however, that XRD has confirmed that the crystals shown in Fig. 5(a) are present in the material under these treatment conditions.
While distinct crystal peaks are not seen in the Raman spectra, a systematic and reproducible decrease in the peak around 246 cm −1 is observed with heat treatment. The spectral region from 220 to 250 cm −1 contains numerous bands related to various As-Se vibrations. In order to characterize a potential "extent of conversion towards crystallization" from the Raman data, we define a Raman ratio to track such changes. We define our Raman ratio as the ratio in peak intensity between the peak at ~200 cm −1 and the peak at 246 cm −1 . In the Fig. 6(a) we have normalized peak Raman intensity at 200 cm −1 to allow for easy visualization of the changes in the As-Se dominant peak at 246 cm −1 . Using the Raman peak identifications from section 3.1, an increase is seen in the ratio of Ge-Se to As-Se features, which is believed to be associated with the conversion of the amorphous network's As-Se bonds towards the resulting observed (via XRD) As 2 Se 3 crystalline configuration. Since the dominant two crystal phases identified by XRD are As 2 Se 3 and PbSe, the formation of crystalline As 2 Se 3 associated with the conversion of glass to nanocrystallite-containing glass ceramic, would likely cause a change/decrease in the glass' As-Se bands, and the PbSe would not affect either band structure. We propose to use this Raman ratio as a correlative tool to allow comparison on spatially varying 'conversion' associated with formation of high refractive index nano-crystals precipitated in both furnace and laser-induced growth HT.
From Fig. 6(b) below, a trend can be seen in the shape of the Raman ratio versus HT temperature plot for glasses nucleated at the temperatures shown. The ratio trend has a similar shape to the index versus HT plot in Fig. 5(b) , where there is little change between points at lower and higher temperatures. One can also observe a shift in the onset of crystallization observed for higher nucleation temperatures, which is consistent with the I-U curve in Fig. 2 and the index versus HT plot in Fig. 5(b) . This is again consistent with our belief that a higher number density of nuclei are formed at higher nucleation temperatures based on the higher nucleation rate data seen in the I-U curves. Figure 6(c) shows a plot of the Raman ratio versus refractive index, and includes data for all nucleated and grown samples and illustrates excellent correlation between the Raman ratio with measurable change in refractive index. This correlation directly supports our hypothesis that the conversion of AsSe 3/2 units related to the decrease in the 246 cm −1 band is directly correlated to formation of As 2 Se 3 crystals as suggested by the XRD data. The linear trend is seen to exist between the refractive index and Raman up to a ratio of approximately 1.6, regardless of the nucleation condition, suggesting that while the process may have a kinetic/rate dependence, the mechanism of conversion is the same.
Since we have now correlated the XRD-defined phase formation with a Raman spectral signature, and therefore, the effective refractive index with the Raman data, it should follow that these data can be used in furthering our understanding of the temperatures required to induce specific changes in refractive indices. Here, we use the thermal data extracted from the Raman ratio plots to serve as input for confirmation of our heat flow model within the glass. This model is important in our definition of laser irradiation conditions necessary to give specific induced refractive index modification through the use of a gradient heat source, our Gaussian shaped laser beam.
Property modification following bandgap laser irradiation
The Raman spectra measured on the cross-section of the irradiated sample shown in Fig. 3 were used to calculate a Raman ratio for each location. As depicted in the image, it was expected that the edges of the sample would have no Raman change and were therefore not measured. These data for the Raman ratio were used to solve for the expected temperature that was seen at each location using the fitted curve seen in Fig. 6(b) . This temperature map was then compared to the simulated temperature profile calculated based on laser parameters and material thermal properties. Both profiles are compared in Fig. 7 .
The two profiles show correlation, which validates that to first order, we have adequately captured key property inputs and system attributes in our model. This also supports our link to assessing and defining a laser-induced growth temperature profile for our glass, albeit in a highly absorbing regime. This suggests that we can induce not only spatially varying heating but also conversion towards crystallization and index change for precipitation of high index nanocrystals. A possible source of discrepancy or error in our analysis is that the sample may have not been sliced exactly through the center of the irradiated region, leading to the temperatures seen in the cross-sectioned region being more concentrated than the simulations. Additionally, as our Raman ratio determination and material properties were measured on multiple samples taken from two large melts with possible minor variations in thermal history and as-melted structures, very small sample to sample variation, may be present. Lastly, while our model considered the expected temperature profile in the sample using material properties measured at 190°C, a portion of the sample experienced a higher temperature (T max ~230°C) during irradiation. As shown in Table 1 the higher thermal property data (and lower density value) for this target temperature (230°C) would be expected to modify the heat transfer behavior in the irradiated region. This, in the absence of a direct measurement of the heat transfer coefficient used for convective heat flux at the boundary (not been measured for this material) is likely contributing to an offset it the magnitude and spatial variation in our simulated temperature profile. A similar approach was then employed to predict the expected refractive index gradient that would result from the said thermal profile induced by the laser growth protocol used. Here, the Raman ratio at each point was converted into a spatially varying refractive index profile using the fitted line of the Raman versus index plot in Fig. 6(c) . The simulated temperature profile was converted to a refractive index map using the fitted line of the refractive index versus temperature plot, shown in Fig. 5(b) . Here, the two spatial maps show less agreement, specifically in the axial (z) direction as seen in Fig. 8 . The simulated index profile predicted exhibits a slightly lower peak index, and covers a larger area and depth than realized in the measured data as can be seen in Fig. 8 (bottom) where the simulated index profile is subtracted from the experimental profile to quantify the difference spatially between the two profiles. This variation may be attributed again to the same issues seen with the temperature plot such as the unknown heat transfer coefficient in the center of the irradiated region, a slight variation in crystallization between melts, and potential deviations of the model inputs from the true material properties at temperature.
As this related index profile represents a coarse but clearly defined three dimensional gradient resembling a flat lens design, the post-laser grown sample was evaluated for optical functionality. Specifically, the post-irradiated sample was tested for its ability to focus light before it was sectioned in half for the Raman measurement. To probe if the resulting part's index modification yielded focusing, a λ = 2 μm collimated laser beam was transmitted through the irradiated region and the size of the beam waist was measured at various location to make a coarse estimation of a calculated focal length. While somewhat irregular, a clearly defined focus spot was observed and quantified for this first attempt at a 3-D GRIN element, and is seen in Fig. 9 . Based on measurements shown where the position of the detector without and then with sample in place is moved, a focal length was able to be calculated. For the refractive index profile induced by the nucleation and (laser-induced) growth protocol used here, a flat, GRIN lens with a focal length of 84 ± 3 mm was demonstrated. The postprocessed lens region was inspected for surface modification. Laser exposure and HT resulted in a slight bulge in the exposed region (radius of curvature measured to be 1400 ± 30 mm as quantified by white light interferometry) which was not removed (polished) prior to measurement. As can be seen, this minor deviation to the planar surface could not have resulted in the measured focus seen at 84 mm. This confirms the viability of our approach to create a laser-induced, spatially variable glass ceramic nanocomposite, for GRIN element production. 
Conclusion
This paper examines the structural evolution of a multicomponent infrared glass as it is converted to an optical nanocomposite through both two-step furnace HT, a furnace nucleation plus laser growth HT, and for the first time demonstrates a technique that predicts the structural changes associated with formation of the crystalline phase(s) responsible for an effective refractive index change which yields a GRIN optical element. In this study the refractive index change upon a ceramization in 15GeSe 2 -45As 2 Se 3 -40PbSe was shown to be directly related to the growth of crystals inside of the glassy matrix. A calculated effective index from XRD data was shown to agree with experimentally measured refractive index of the samples. Refractive index change upon a ceramization was also shown to be directly correlated to changes in the Raman spectrum and therefore crystal growth. A Raman ratio was defined which could be correlated to the refractive index, and allows for indirect verification of spatially varying structural modification that correlates with spatially varying refractive index modification. Laser-induced heating via highly absorbing bandgap irradiation was used to create a temperature profile throughout the volume of a sample, inducing a gradient in growth rate of pre-nucleated crystal phases. The Raman ratio was then measured on a cross-section, to predict the thermal profile seen by the sample under irradiation and determine its resulting estimated GRIN profile. Optical functionality through focusing was demonstrated as a result of employing the laser-induced heating profile on a pre-nucleated glass specimen, validating this approach to forming 3-D GRIN structures. Such ability to spatially vary, model and quantify the nanocrystallization process possible in candidate GRIN materials will enable new advances in novel GRIN materials for infrared optical applications.
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